Background & Aims-Specific mutations in the adenomatous polyposis coli (APC) gene can lead to an attenuated form of the Familial Adenomatous Polyposis (AFAP). Although AFAP mutation carriers have a 69% risk of colorectal cancer by age 80, clinical recognition remains a challenge in some cases, as they present with few colonic adenomas and are difficult to distinguish clinically from patients with sporadic polyps.
and have an increased risk of small bowel, thyroid, brain, and other malignancies. Mutations in the APC gene are the most common cause of this syndrome which is an autosomal-dominant condition with a prevalence estimated at 1:10,000 persons 4, 5 . Extracolonic features can include osteomas, dental anomalies, cutaneous lesions, desmoids and congenital hypertrophy of the retinal pigment epithelia (CHRPE). Mutations in the proximal part of the APC gene (the first 5 exons), the distal end of the APC gene (3′ to codon 1596) and in exon 9 of the APC gene lead to an attenuated form of familial adenomatous polyposis (AFAP or AAPC) 3, 6-9 . In contrast to FAP, AFAP is characterized by fewer colonic adenomas (clinically defined as less than 100 adenomatous polyps) which have a more proximal distribution (versus FAP, which has polyps covering the entire colon), and later age of onset 10-13 . The mean age of colorectal cancer diagnosis in AFAP is reported at 51 to 58 years (15 to 20 years later than FAP) and the lifetime risk of colorectal cancer is decreased in AFAP compared to typical FAP 10-13 . The molecular mechanism underlying the attenuated phenotype is not clear, but a variety of models have been proposed. In some cases, the classic FAP phenotypic may result from a dominantnegative truncating APC mutation that interferes with the normal APC protein 14 . Deletions of the entire APC gene, however, can result in classic FAP 15 as well as AFAP 16 which argues against a dominant-negative model as a general mechanism. Somatic mutations and loss of heterozygosity have been observed in the attenuated APC allele (as well as the normal allele) in cancer suggesting that the attenuated APC allele retains some function that protects against the progression to cancer 17, 18 . A putative alternative start site at codon 184 (exon 5) has been proposed to reinitiate protein synthesis downstream of a 5′ mutation 19 . In addition, it has been suggested that AAPC mutations in exon 9 may produce normal APC protein by alternative splicing 20, 21 . Recently, a recessive form of adenomatous polyposis due to mutations in the MYH gene was described and differentially named "MYH-associated polyposis" 22, 23 .
Clinical characterization of large AFAP families has revealed a highly variable phenotype, even in individuals with the identical genetic mutation 10-13, 24 . Polyp numbers from zero to many hundreds with both extremes observed even at older ages have been reported in mutation-carriers. Upper gastrointestinal polyps, both gastric and duodenal, are often, but not always, present and extracolonic features such as osteomas, epidermoid cysts, desmoids, and cutaneous lipomas are frequently reported. We recently published the detailed phenotype of two large AFAP families (Kindred 353 and Kindred 439) with the identical APC mutation (exon 4: c.426_427delAT) 13 . This frameshift results in a downstream stop codon and a predicted truncated APC peptide of 145 amino acids. In this earlier report, initial colonoscopic evaluation of 120 individuals harboring this mutation revealed a median number of 25 colonic adenomas at a mean age of examination of 42 years. A total of 27 colorectal cancer cases at a mean age of 58 years were documented and a cumulative colorectal cancer risk of 69% by age 80 was estimated.
Founder mutations in hereditary colon cancer syndromes are commonly reported, in particular for the mismatch repair genes responsible for Lynch syndrome (MLH1, MSH2, MSH6 and PMS2). Of note is an "American Founder Mutation" in MSH2 that dates back to the 1700's 25 . Founder mutations in the APC gene, however, are rare. There is a founder FAP mutation in the Spanish Balearic islands 26 , founder AFAP mutations in Newfoundland 24 and the family reported here, and an ancient I1307K variant of APC conferring a 2-fold risk of colon cancer 27 .
We have long suspected that these two AFAP families originate from a common ancestor as this mutation has only been reported in families residing in North America 6 . Kindred 353 is from Utah and more than 7000 descendents spanning nine generations are recorded in the Utah Population Database (UPDB). UPDB includes genealogies abstracted from the Utah Family History Library, maintained by the Church of Jesus Christ of Latter-day Saints (LDS or Mormon), linked to state-wide cancer records from the Utah Cancer Registry and the Cancer Data Registry of Idaho, Utah death certificates, and Utah birth certificates 28 . The founding parents were born in Massachusetts and New York in the 1790's and were part of the Mormon immigration to Utah in the 1850's. Kindred 439 is from upstate New York and spans six generations. The founding parents were born in New York in the 1830's. In this report, we provide genealogic and genetic evidence linking the two kindreds to a founding couple who were born in England in the 1590's and came to America with their children around 1630. This extensive ancestry suggests that there may be many unidentified families harboring this founder mutation in North America, however, clinical recognition of this condition remains a challenge. We report that 36.6% of the mutation-positive family members have fewer than 10 colonic adenomatous polyps, and 13.3% have no family history of a first-degree relative with more than 10 adenomatous polyps. This often makes patients with AFAP difficult to distinguish clinically from patients with sporadic polyps. Colonoscopy results with precise polyp number were available on 120 of the 181 mutation-positive individuals as previously reported 13 . These results are extracted from the initial colonoscopy screening for the individual and in some cases, from a corresponding colectomy procedure.
Methods

Research Subjects and Genealogy
Family relationships were established using family history reports, standard genealogy research methods, the Utah Population Database (K353), and the public records of the Mormon Church (familysearch.org web site). A list of common surnames from K353 and K439 ancestors was compared to facilitate identification of the founder.
SNP analysis
The Affymetrix GeneChip Human Mapping 10,000 SNP array (HMA10K) was used. Samples were processed according to the GeneChip Mapping Assay Manual (Affymetrix). Briefly, 250 ng of genomic DNA was digested with XbaI. The Adaptor Xba (Affymetrix) was then ligated to the digested DNA. Each ligation reaction was diluted and added to four separate 100-μl PCRs. Products were purified with QIAquick spin columns (Qiagen) then fragmented and endlabeled. A hybridization cocktail was added to the labeled DNA and then heat-denatured, cooled and incubated at 48°C for 2 min. Each sample was added to a HMA10K and hybridized at 48°C for 16 h in an Affymetrix GeneChip Hybridization Oven at 60 rpm. After 16 h, the probe arrays were washed and stained according to the GeneChip Mapping Assay Manual by use of the DNAARRAY_WS2 protocol on the Affymetrix Fluidics Station 400. Arrays were scanned once with the Affymetrix GeneChip® Scanner 3000 and analyzed with Affymetrix GeneChip DNA Analysis Software (GDAS) to generate genotype assignments for each of the SNP probes on the array.
The chromosome 5 haplotypes associated with the AFAP mutation were determined by analyzing DNA from the affected parent (and in one case both parents) and the indicated individual. NCBI build 35 from May 2004 was used to define physical map positions.
Four short tandem repeat (STR) genetic markers flanking the APC locus (D5S2501 at 111,037,094 Mbp, D5S2027 at 111,173,318 Mbp, D5S346 at 112,241,523 Mbp, and D5S421 at 112,882, 042 Mbp) were used to establish a shared haplotype for the APC locus. The corresponding heterozygosity for the markers are 65%, 73%, 85%, and 78% as reported by the CEPH genotype database browser V2.1 (http://www.cephb.fr/cephdb/php/eng/index.php). Genetic marker PCR products were resolved on Applied Biosystems 3130xl Genetic Analyzer with a 36cm capillary using POP-7 polymer.
Linkage analysis
Parametric linkage analysis under a dominant model was performed using the Variation List vs. Trait analysis of GeneSpring GT (Agilent; http://www.chem.agilent.com/). This program uses the Elston-Stuart (ES) algorithm 29 as described in section 9.2 by Ott in Analysis of Human Genetic Linkage, 30 . The variation list was generated from the SNP data. Pedigree structure shown in Figure 1 was used and the 6 mutation-positive cases plus their mutationpositive parent were coded as having the trait (affected), the spousal parent was coded as unaffected, and upper generations were coded as unknown. The analysis also used the deCODE genetic map with Haldane mapping function and the Affymetrix Caucasian allele frequencies for the SNPs.
Analysis of relationship between colorectal polyp number and cancer
The 120 mutation-positive subjects with a quantitative polyp number at their first exam were divided into three groups by polyp count (0-9, 10-50 and >50). The three categories were defined by clinically relevant criteria used by practicing endoscopists. A finding of less than ten polyps is often considered a sporadic polyp case. A finding of ten or more polyps is suggestive of a syndrome and indicates genetic testing. Cases with more than 50 polyps strongly indicate a syndrome and are often referred to surgery for colon resection. Nine of the 120 subjects were diagnosed with colorectal cancer at the time of their first exam as indicated in Table 1 . Exact confidence intervals for the proportion of subjects with colon cancer in each group were calculated using R 2.1.1 statistical software (R Foundation for Statistical Computing). Logistical regression modeling was used to explore the effect of polyp count on the probability of cancer, while adjusting for age at exam and gender. No threshold effects of age or polyp count were evident from exploratory scatter plots. In the logistic regression models, age (in years) and polyp count were incorporated as linear predictors. Multivariate logistic regression models were also evaluated. Starting with a model with all three predictors and 2 nd order interaction terms for gender with polyps and age with polyps, predictors that were not statistically significant were removed one at a time, (starting with the interaction terms), until the final model was obtained. None of the removed terms was statistically significant at the p = 0.10 significance level.
Results
Identification of common founder
Using family history records and standard genealogy methods, Kindred 353 and Kindred 439 were traced to a common founding couple who were born in England in the 1590s (Figure 1) . The couple was married in St. Nicholas, Somerset, England in 1615 and had four children born in England between 1615 and 1624. The couple, along with at least two of their children, arrived in America some time before 1640, when their daughter was married in Weymouth, Norfolk, Massachusetts. A son born in 1615 is the ancestor to Kindred 439 and a daughter, born in 1620, is the ancestor to Kindred 353. The birth year of each parent is indicated on the pedigree. To our knowledge, the APC mutation (c.426_427delAT) has not been found in England or Europe suggesting that the mutation originated with this couple (personal communications Ian Tomlinson, Anne Lyster Knudsen, Riccardo Fodde). The exception is one case from a German registry 31 , however the reported individual is presumed to have originated from America and had family there (personal communication Waltraut Friedl).
Kindred 353 and Kindred 439 share an identical SNP haplotype around the APC gene
To rule out the possibility that the two kindreds share a common ancestor by coincidence and that the identical mutation in the APC gene arose independently, the SNP haplotype around the APC gene was examined. Six individuals and their affected parents (three from each kindred) were genotyped with SNPs to determine which SNPs were coinherited with the mutant APC allele and which SNPs came from the unaffected spouse (Figure 1) . The six individuals clearly share a haplotype on the allele inherited from the affected parent, providing evidence that these individuals originate from a common founder with the APC mutation (Figure 2) . The minimal non-recombinant region is 7.17 Mbp or approximately 5.43 cM based on the deCODE genetic map. Parametric linkage analysis under a dominant model gave a statistically significant maximum LOD score of 5.2 (p-value = 9.4 × 10 −7 ) at SNP rs1822488, which is just distal to the APC gene (Figure 2 ). This indicates that the two branches have not coinherited this region by chance.
Thirteen additional AFAP kindred share the founder mutation and an APC haplotype
The genealogic data is not sufficiently complete to estimate the number of descendents from the founding couple, but the number of generations suggests that there are likely to be many more North American families harboring the APC (c.426_427delAT) mutation. This founder mutation has been published in two additional American families ascertained by H. Lynch (K2764, Creighton University) and P. Lynch (K3101, M.D. Anderson) and all four kindreds (K353, K439, K2764, and K3101) are reported to share an identical disease haplotype 6 . Furthermore, families harboring this mutation and not known to link to the Utah founder (K353) or the New York founder (K439) have been identified by clinicians in Michigan, New York, Vermont, Wisconsin, and Washington (personal communications Wendy Kohlmann, Wendy McKinnon, Stephen Gruber, Peter Levonian, and Sara Michelson). Four highly polymorphic STR genetic markers, D5S2501, D5S2027, D5S346, and D5S421, surrounding APC were used to genotype 15 previously unlinked families (Table 2) . They all share an identical haplotype surrounding the APC locus including D5S2027, D5S346 and D5S421 ( Table 2 ). The two Wisconsin families, have a different genotype at D5S2501, at the end of the linked region, demonstrating a likely recombination, narrowing the shared region to 6.69 Mbp, and ending near SNP, rs27536 (Figure 2 ).
Clinical implications of a common AFAP mutation
One of the most striking aspects about an American founding mutation dating to the 1600's is the potentially large number of mutation-positive descendents in North America. Since AFAP is an adult-onset disease and the mean age of colon cancer is ~58 years, there is little if any selective pressure against transmission of the mutant allele. The K353 Utah founding father who was born in 1794 and immigrated to Utah around 1850 has 9 descending generations with 7818 descendents (5247 still living) recorded in the Utah Population Database. The mutation is transmitted in two of five of the branches descending from this founder. Known mutationpositive individuals descending from this founder account for 0.15% of all colorectal cancers in Utah reported from 1966-1995. From 1996 to 2003, the mutation-positive family members accounted for 0.02% of colorectal cancers reported to Utah Cancer Registry which coincided with aggressive education and clinical intervention in the family.
Although AFAP is currently considered a rare condition, estimated to account for less than 1% of all colon cancers 1 , it may be under-diagnosed. Many affected individuals are difficult to distinguish from individuals with sporadic adenomatous polyps or colon cancer without genetic testing 13 . In our study of the two kindreds, 44 of 120 (36.6%) mutation-positive family members with colonoscopic data had zero to nine adenomatous polyps. Of these, 25 (20.9%) had zero to three adenomatous polyps. The median age of this zero to nine polyp group was 32.5 years (mean, 36.4; range 16 to 67). However, family history and age when polyps develop can help distinguish this hereditary condition. Of the zero to nine polyp group, 28 mutationpositive individuals (63.6 %) had a first-degree relative enrolled in the study with more than 10 polyps, nine (20.4%) had no first-degree relatives enrolled in the study with more than 10 polyps and seven (15.9%) did not have first-degree relatives with polyp data enrolled in the study. Taken together, 16 of 120 mutation-positive individuals (13.3%) have fewer than 10 polyps and no first-degree relatives with more than 10 polyps, thus appearing like a sporadic polyp case, even with reasonably skillful family history intake.
One surprising clinical detail is that the mutation-positive individuals with low polyp numbers do develop colorectal cancer. The total polyp numbers leading up to the cancer diagnosis were available on only 9 of 27 mutation-positive family members. Of the individuals with fewer than 10 polyps, three had colorectal cancer (6.8%; age 29, 57 and 53); of the individuals with 10 to 50 polyps, three had colorectal cancer (8.8%; age 35, 41, and 58); and of the individuals with more than 50 polyps, three had colorectal cancer (7.1%; age 36, 73, and 80) ( Table 1) . Logistical regression modeling was used to explore the effect of polyp count on the probability of cancer, while adjusting for age at exam and gender. Gender had no statistical significance, so polyp count and age were used as the only predictors in the final model. The estimated logodds of colon cancer for each additional year of age was 0.053 (95% confidence interval 0.0055-0.10, p =0.03). The estimated log-odds associated with each additional polyp was −0.003 (95% confidence interval. −0.020 -0.014, p = 0.72). The effects of age and polyp count were similar with and without the other predictor in the model. In each of the models, the estimated effect of polyp count on the risk of cancer was negative and not statistically significant.
Comment
We have previously described the clinical phenotype of two American kindreds with the identical APC mutation, and have long suspected common ancestry. Here we present clear evidence linking both pedigrees to a founding couple who came to America from England in the early 1600s. Additionally, K353 and K439 members share an identical genetic haplotype of 7.17 Mbp around the APC locus. Thirteen additional American kindreds with the identical mutation share the APC haplotype. Taken together, these results strongly indicate that the ancestral pair identified in this study represent the founding AFAP couple of the mutation under consideration. Since families harboring this mutation have not been reported in England, it is not known if the mutation originated from the husband or wife.
Nevertheless, clinical recognition of AFAP remains a challenge. Consistent with reports of other AFAP families, clinical evaluation of these two families demonstrates a highly variable phenotype and a substantial percentage of affected individuals whose clinical presentation would be difficult to distinguish from sporadic polyps in the absence of genetic testing 10, 11, 24 . The variable phenotype may be attributable to genetic and/or environmental modifiers.
The estimated cumulative risk of colorectal cancer by age 80 is 69%, with a corresponding standardized incidence ratio (SIR) of 17.9 (95% CI: 8.4-24.7) and, as described here, early colorectal cancers occur even in those with low polyp numbers. By comparison, a case-control study of individuals with two or more adenomas on initial sigmoidoscopy examination and followed over an average of 14 years, demonstrated a SIR of colon cancer of 4.8 (95%CI: 2.4-8.7) 32 . Currently, the American Gastroenterological Association recommends genetic testing for AFAP in those with ≥ 20 adenomas but no known family history 33 . However, the AGA technical review of this subject details that "no clear standard exists concerning the number of colorectal adenomas needed to suspect this diagnosis in the index case" 34 . Based on our observation of mutation carriers developing colon cancer, regardless of polyp number, this guideline may be insensitive. More recently, we and others have suggested that genetic testing should be considered when 10 or more colonic adenomatous polyps have been found in a patient at one examination or over time 1, 35 . Even this suggestion is an over simplification, as 36.6% of our mutation-positive family members who were examined by colonoscopy had fewer than 10 adenomas. Other large AFAP studies have observed fewer than 10 polyps in mutationpositive individuals, suggesting that this is not specific to this family and mutation 10, 11, 24 . A family history of colonic polyps or cancer in combination with any number of adenomatous polyps at a young age may be the key to recognizing potential AFAP patients from the vast number of individuals with sporadic adenomas. We suggest that genetic testing should be considered in any individual with a family history of 10 or more colonic adenomas based on the observation that 86.7% of mutation-positive individuals in this family would be captured with this criterion One can speculate that this specific mutation may constitute a notable and possibly definable fraction of the multiple adenoma patients and even the colorectal cancer burden in the U.S. Mutations in the APC gene have been reported to occur in at least 10% of individuals with multiple, but less than 100, adenomas (range=3-96; median=6.5; mean=14) 36 . Determination of the actual prevalence of this American founder mutation in colonic adenoma and cancer patients will help define the optimal clinical situation in which to offer genetic testing.
Understanding that both K353 and K439 are from the same ancestor is important, as we analyze the clinical similarities and differences between branches. Additionally, identification and inclusion of new families harboring the AFAP founder mutation will expand our current knowledge regarding the similar and variable components of this genetic disorder. Further investigation of environmental and genetic factors that modify all aspects of the AFAP phenotype will be the key to unraveling the complexities of clinical risks as well as the basic biology of colon cancer progression.
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